Abstract The composition of heavy metals (and metalloid) in surface soils of iron ore mine-impacted areas has been evaluated of their potential ecological and human health risks. The mining areas included seven selected locations in the vicinity of active and abandoned iron ore-mining sites in Pahang, Malaysia. Heavy metals such as Fe, Mn, Cu, Zn, Co, Pb, Cr, Ni, and Cd and metalloid As were present in the mining soils of the studied area, while Cu was found exceeding the soil guideline value at all sampling locations. However, the assessment of the potential ecological risk index (RI) indicated low ecological risk (RI between 44 and 128) with respect to Cd, Pb, Cu, As, Zn, Co, and Ni in the surface soils. Contributions of potential ecological risk E i r
Introduction
Malaysia has a long history of iron ore mining since the 1960s and was once known as one of the largest iron producers in Southeast Asia. Until 2012, iron ore mining leads other major minerals production in Malaysia with 10.7 Mt of iron mined. As in 2013, there were about 98 iron ore mines operating in Malaysia scattered around the states of Pahang, Johor, Perak, and Terengganu (Majid et al. 2013) . Most of the ore were exported to China and India, while the local use of the iron ore was mainly for cement, piping, and steel industries. In 2013, Pahang remained as the top producer for iron ore mining in the country. Mining industry in this state continued to strengthen due to the ongoing demand for iron ore especially from China (Majid et al. 2013) . Despite this, environmental impact as a result of the mining operations has often been associated with heavy metal contamination in surface or groundwater and the impacted mine tailings. Even long after cessation of the mining activities, physically altered forms of soils such as mine overburden and the resulting wasteland or derelict land remain for many decades. Upon exposure to the environment such as through chemical reactions with interacting substances, contaminants may continue to release into surface or groundwater and into soil.
Soils contaminated with heavy metals may pose very dangerous effects to human health and the environment. Contaminants impairing the soils from iron ore-mining activities may include acidity (in the case of acidic mine drainage) and heavy metals such as iron, copper, zinc, lead, and metalloid arsenic (Taylor 1971) . The minerals and ores are chemically stable under in situ geological conditions, but when excavated and exposed to the atmosphere, the solid phases become chemically unstable (Taylor 1971; Younger et al. 2002) . The sulfide minerals associated with metal ores will dissolve when in contact with water. Exposure of the sulfur-containing rocks to atmospheric oxygen during mining operations produces acid mine drainage. Thus, the concentrations and potential ecological impacts of heavy metals in soils are important reference indicator to water quality (Chen et al. 2007; Sheela et al. 2012; Kusin 2013; Kusin et al. 2016b) . Sulfuric acid and metal acidity are generated and can accentuate metal mobilization and bioavailability into surface and groundwater (Younger et al. 2002) , so as can contaminate the soil.
Heavy metal becomes a source of soil pollution as the elements can remain for a long time and contaminate the soil. The accumulation of heavy metal in soil will lead to contamination that may affect the human health Olawoyin et al. 2012; Luo et al. 2012 ). The accumulation of heavy metal in soil can be transferred into human body by various pathways such as dermal contact, soil ingestion, and inhalation of soil dust (Luo et al. 2012; Guo et al. 2012) .
The contamination of heavy metal not only threatens the health of human but also degrades the quality of atmosphere, surface water, groundwater, soil, and food crops (Jarup 2003) . Elements that are considered as carcinogens may lead to diseases related to kidney, blood, cardiovascular, and bone disease (Jarup 2003) . Excessive intake of metals such as Pb can damage the nervous, enzymatic, and immune system of those who expose to it. Chronic exposure of As and Cd can lead to adverse effects to an individual such as kidney dysfunction, dermal lesion, skin cancer, and hypertension (Zhuang et al. 2009 ). The environmental risk due to these metals and metalloid has also been reported in many studies (e.g., Yi et al. 2011; Praveena et al. 2015; Mamat et al. 2016; Zhang et al. 2016; Lei et al. 2016) , considering the toxicological impact of the metal elements on the environment. However, the ecological risk and health impact due to metal-mining activities and operations, specifically in active and abandoned iron ore mines, have not been investigated in this country. Therefore, this study was carried out to evaluate the contamination level of heavy metals (and metalloid) in the mine-impacted soils and to estimate the potential ecological impact and human health risk of heavy metal contaminants particularly within the iron ore-mining sites.
Materials and methods

Sampling sites
Sampling of surface soils was undertaken at two locations of iron ore-mining sites (i.e., active and abandoned iron ore mining) located in Pahang, Malaysia (Fig. 1) . These areas (Kuala Lipis and Bukit Ibam) are among the primary sites for iron ore mining in the state of Pahang. The Bukit Ibam iron mine was commissioned in the 1960s as the Malaya's biggest iron mine during the time and was one of the largest iron mines in Southeast Asia. After almost 50 years, the iron-mining activities have left hectares of derelict land or wasteland area in the vicinity of the mining sites. The iron ore mining in Kuala Lipis is still progressively occurring; i.e., open pit mines and most of them are privately owned mines or a joint venture with state-owned companies.
The sampling was performed in June 2015 at three locations in Kuala Lipis (active iron ore-mining sites) and four locations in Bukit Ibam (abandoned mining sites). The iron ore-mining sites are located in the central eastern portion of Peninsular Malaysia and have a tropical climate. Geologically, the ironmining areas consist of Paleozoic and Mesozoic sedimentary rock sequence dominated by carbonaceous limestone and shale and lesser volcanic and pyroclastic rocks (Dzick and Carlson 2012) . The sedimentary rock mineralization has been associated with the intrusive rocks ranging from late Carboniferous and early Permian to mid-Triassic. The soil is dominated with pyrrhotite (Fe 1-x S)-bearing garnet and pyroxene skarn and hornfels mostly at the intrusive rock-sedimentary rock contact zone. Sulfide mineralogy is dominated by pyrrhotite with lesser arsenopyrite, pyrite, magnetite, chalcopyrite, and molybdenite, while the oxide mineralization is dominated by hematite; clay; and traces of chalcocite, covellite, digenite, and/or native copper (Taylor 1971; Dzick and Carlson 2012) .
Surface soil sampling and analysis
Samples of surface soils were collected at both the active and abandoned iron ore-mining sites. The surface soils were taken at a depth of 0-15 cm because this layer of soil controls the exchange of metals between soil and water Pandey et al. 2016) . At each site, samples were collected in triplicate to enhance sample representativeness. All of the samples were bagged, labeled, and sealed in clean polyethylene bags. The surface soil samples were kept in an icebox and transported to the laboratory for further analysis. The soil samples were air-dried, homogenized by mortar and pestle, and sieved through 2-mm mesh screen for chemical analysis. Preparation of samples was performed according to the EPA method 3050B (USEPA 1996) prior to heavy metal analysis by means of aqua regia extraction method, specifically by using hydrochloric and nitric acids (3:1 ratio). Approximately 1.0 g of samples was digested in 15 mL of aqua regia in a conical flask and left to stand overnight. The samples were then heated for digestion to 120°C for 2 h. After cooling, the supernatant was then filtered with 0.45-μm cellulose nitrate membrane filter and ready for heavy metal analysis. The samples were analyzed using inductively coupled plasma-optical emission spectrometer (ICP-OES) for metal elements (Fe, Pb, Cr, Cd, Zn, Cu, Mn, As, Co, and Ni).
Potential ecological risk index
The potential ecological risk index (PERI) was used to evaluate the potential ecological risk caused by pollutants such as heavy metals and their impact to an ecological system (Liu et al. 2016) . The ecological risk index used was based on the model introduced by Hakanson (1980) to assess the characteristics and environmental behavior of heavy metal contaminants in the soil or sediment . Therefore, the extent to which the surface soils have been contaminated with the heavy metals and their potential risk to a particular environment can be investigated. A few geochemical indices may be used to evaluate on the extent of metal contaminants in soils or sediments such as the enrichment factor, geoaccumulation index, pollution load index, and contamination factor; however, PERI offers the advantages of taking into account not only the metal concentration in soil but also the toxicity level of the metal contaminants on the environment (Li et al. 2014) . The potential ecological risk index is calculated as
where RI is the potential ecological risk index of heavy metals in soil, E i r is the potential ecological risk coefficient, C i r is the pollution factor, c i is the concentration of heavy metal, i refers to the soil, c i r is the reference value of heavy metal, and T i r is the toxicity coefficient of the heavy metal. The toxicity coefficients of the heavy metals (and metalloid) were taken as Pb = Ni = Cd = Cu = Zn = 5, As = 10, and Cr = 2 . The risk assessment criteria and the potential ecological hazard of heavy metals in soils are given in Table 1 .
Potential human health risk assessment
Health risk assessment is a commonly used method for estimation of the risk posed to human due to exposure to certain contaminants of known amount (Lee et al. 2005; Lee et al. 2006; Lim et al. 2007; Khan et al. 2008; Li et al. 2014) . The health risk assessment includes four key elements/procedures, which are hazard identification, exposure assessment, doseresponse assessment, and risk characterization (Luo et al. 2012) . Heavy metal exposure to human can occur through three major pathways either by means of (1) direct oral ingestion of heavy metal particles, (2) inhalation of the heavy metal particles through mouth and nose, and (3) dermal absorption of the particles attached to exposed skin (Luo et al. 2012) .
The chronic daily intake (CDI) (mg/kg/day) of contaminant was applied in order to estimate the health risks via ingestion, inhalation, and dermal contact pathways on both adults and children. The equations used to estimate the CDI are as follows for different routes of exposure:
where C soil is the concentration of heavy metal in soil sample (mg/kg), IngR indicates the ingestion rate of the soil (mg/kg), EF is the exposure frequency (days/year), ED is the exposure duration (years), BW is the average body weight (kg), AT is the averaging time (days), CF is the conversion factor, InhR is the inhalation rate (m 3 / day), PEF is the particle emission factor, SA is the surface area of the skin that is in contact with the soil (cm 2 ), AF soil is the skin adherence factor for soil (mg/ cm 2 ), and ABS is the dermal absorption factor. The exposure factors used in the calculation of CDI are listed in Table 2 . Hakanson (1980) Environ Sci Pollut Res (2016) 23:21086-21097 Hazard index (HI) indicates the cumulative non-carcinogenic risk. HI is equal to the sum of hazard quotient (HQ) as in equation
where
RfD in the equation refers to the reference dose based on USEPA (2012) for HRA calculation. The values of RfD are different for each element of heavy metal. Table 3 shows the values of the reference dose for different heavy metals studied. Hazard quotient of 1 indicates the threshold reference value as suggested by the USEPA (2002).
The heavy metals evaluated in this study are Pb, Cu, Zn, Fe, As, Cd, Cr, Ni, and Co. According to USEPA (2011), Cd, Cr, Pb, and As are classified as can induce carcinogenic risk, while Fe, Zn, Cu, Ni, and Co are non-carcinogenic. The carcinogenic risk or the lifetime cancer risk (LCR) is calculated using Eq. 7, which is the summation of the cancer risk from each exposure pathway. The cancer slope factor (CSF) values for Cd, Cr, Pb, and As are 6.3, 0.5, 0.0085, and 1.5 mg/kg/day (USEPA 2012). The acceptable threshold value of the cancer risk is 1.0E-04, while the tolerable LCR for regulatory purposes is in the range of 1.0E-06-1.0E-04 (USEPA 2002).
Results and discussion
Potential ecological risk
The compositions of heavy metals (and metalloid) in surface soil of the active and abandoned iron ore-mining sites are given in Table 4 . It is believed that the behavior of trace elements may differ between an active and abandoned mining area depending on the hydrogeochemistry of the mining site (Zin et al. 2015; Kusin et al. 2016a ). In the active iron oremining site, the means for heavy metal (and metalloid) concentrations in the surface soil were found to be in the order of Fe > Mn > Cu > Zn > Co > Pb > Cr > As > Ni > Cd, while in abandoned iron ore-mining site, the mean concentrations followed the order of Fe > Mn > Zn > Cu > Co > Pb > Cr > As > Ni > Cd. As anticipated, Fe and Mn were found in high concentration in the soils because they are among the major elements in most soils (Iqbal and Shah 2014) . In view of iron ore mining, heavy metals such as Cu and Zn and metalloid As have been reported to be present in the main iron ore body in Pahang (Taylor 1971) . The study reported that the distributions of Cu were mainly attributed to covellite (CuS), chalcocite (Cu 2 S), and native copper (Cu) replacing the chalcopyrite (CuFeS 2 ). Zn, on the other hand, was not known of its precise form, but the zinc may be present as a molecular substitute for iron in the chlorite, which appears to be derived from the weathering of limonite (iron ore consisting of a mixture of hydrated iron (III) oxide-hydroxides), while small amount of As occurred in the massive limonite ore (Taylor 1971) . The presence of As is associated with the weathering of arsenopyrite, which is among the main sulfide phase in the ore deposit.
The metal and metalloid concentrations in the surface soil of the study area were compared with soil guideline values for (2012) documents are available for Malaysian soil quality guidelines for the protection of environment, human health, and aquatic life. The metal and metalloid concentrations in soil were found below the recommended guideline values for all metal elements except for Cu, Pb, and Co at some locations. Cu was notably high at all locations exceeding the guideline value of 63 mg/kg (Canadian Ministry of Environment). The concentrations were even greater at the abandoned iron ore-mining site of Bukit Ibam (BI1-3) and active mining site of KL-2, for which the concentrations exceeded the guideline value of 100 mg/kg (Australian Department of Environment and Conservation). Pb, on the other hand, was found exceeding the guideline value of 45 mg/kg at KL-1 and KL-3 (both at active iron ore-mining site), while Co exceeded 40 mg/kg at KL-1, KL-2, and BI-3. In addition to the discussion above, correlation matrices among the metals and metalloid in the surface soil are presented in Table 5 . The correlation matrix shows strong positive correlations between Fe and Cu (r = 0.804) and Co (r = 0.707). The high correlations indicate that these metal elements associate in the parent materials, suggesting similar geochemical behavior during weathering processes. The correlations between Fe and Cu and Co indicate sulfides such as pyrite, chalcopyrite, and cobalt-sulfide as the main common source of the elements. Formation of amorphous Fe (III) coatings on the surface of pyrite and chalcopyrite has been found to be incorporated with Cu and Co in the surface of mining soil samples (Gomez et al. 2016 ).). Similarly, the correlations found between Co with Cd and Cu and between Pb and Cr suggest the association between the ore minerals possibly with sulfides.
The extent of soil contamination in the presence of metals other than Fe and Mn can be more appropriately estimated using the potential ecological risk assessment. The ecological risk assessment takes into account the toxicity effect of the metal element alongside the measured concentration of soil in comparison with the reference value of the heavy metal in the Earth's crust (Eq. 1). Thus, such an assessment would be more useful to evaluate on the degree to which the soil has been contaminated. The potential ecological risk assessment, i.e., calculated as the RI of the metal mine-impacted soil, is shown in Fig. 2a . Irrespective of active or abandoned mining sites, the risk index ranges between 44 and 128, indicating low ecological risk from the metal-contaminated soil according to risk classification by Hakanson (1980) (Table 1) . Despite low ecological risk, the active iron ore-mining sites (KL-1 and KL-2) have relatively higher risk compared to other locations. Contribution of potential ecological risk E i r À Á by metal elements to the total potential ecological RI is illustrated in Fig. 2b . Regardless of the active and abandoned mining areas, contributions from Cd, As, Pb, and Cu were evident compared to other metal elements in the surface soil. It was shown that in the active mining site of Kuala Lipis, specifically at KL-1 and KL-2, RIs were dominated by Cd (49-51 %), while at KL-3, contributions from As and Pb were dominant (37 % each). Meanwhile, in the abandoned mining site of Bukit Ibam, As was found as the dominant metal contributed to the total RI at all sites (BI1-4), i.e., between 24 and 64 % of total RIs. However, Cu contribution was equally important to that of As at BI-2 with 24 % of the total RI. In fact, Cu contribution appears to be consistently greater in the abandoned mining area compared to active iron ore-mining site. From mining perspective, Cu, Pb, and Cd have been found to contribute to large proportions responsible for soil contamination from mining activities (e.g., Pan and Li 2016; Pandey et al. 2016) . Furthermore, Cd and Pb were long known of their high toxicity (Clemens 2006) . On the other hand, metals such as Cu, Zn, Pb, Cd, and Cr were found to be two to five times as high as their background levels in mining soil, suggesting anthropogenic sources of the metals (Pan and Li 2016) . Mining soils have also been found to be associated with high metal and metalloid enrichment, suggesting strong influence of ore deposits on the mineralogy of the soil (Gomez et al. 2016) . 
À Á
on the total RI at the active (KL-1, KL-2, KL-3) and abandoned (BI-1, BI-2, BI-2, BI-4) mining sites
Potential human health risk
The surface soil concentration data were used in the estimation of health risk assessment using Eqs. 2-8. However, using the total concentration of heavy metals found in the soil for the calculation of health risk index may result in the overestimation of the CDI and the resulting health HI. The fractions of bioavailable concentration of the heavy metals found in Yuswir et al. (2015) were incorporated in the estimation of the human health risk in this study. Wei et al. (2016) reported that most of the bioavailable heavy metals in soil were found in exchangeable fraction, whereby the metals are mostly labile and become available for uptake by the organisms. The chronic daily intake, hazard quotient, and the cumulative hazard For calculation of CDI ing , CDI inh , and CDI dermal , the bioavailable concentration amounts of the surface soil were estimated based on Yuswir et al. (2015) . Data presented are mean data (n = 9 for active mining site) and (n = 12 for abandoned mining site)
index for non-carcinogenic risk of heavy metals and metalloid from the three exposure pathways (ingestion, inhalation, and dermal contact) on adults and children are presented in Table 6 , while the carcinogenic risk (lifetime cancer risk) of several metal elements (Pb, Cd, Cr) and metalloid As from the different exposure pathways are given in Table 7 . For each metal element, the risk values are presented for both the active and abandoned mining sites. For non-carcinogenic risk, the trend indicates considerably greater HI found among children compared to the adults (by an order of magnitude higher for most metals) as shown in Fig. 3a (differences are significant at p < 0.05). The HI were found in the order of As > Ni > Cu > Co > Fe > Cd > Pb > Cr > Zn (for children) and As > Cu > Co > Ni > Fe > Cd > Pb > Cr > Zn (for adults) in the active mining sites, while in abandoned mining area, HI followed the order of As > Ni > Cu > Co > Fe > Pb > Zn > Cr > Cd (for children) and As > Ni > Cu > Co > Fe > Pb > Zn > Cr > Cd (for adults). Irrespective of the active or abandoned mining area, the HI for children ranged between 8.950E-05 and 2.138E-03, while HI for adult was between 9.592E-06 and 2.138E-03. If the calculated HI value is greater than one, there is potential that the metal element may pose non-carcinogenic effects (USEPA 2002) . Apparently, the HI values were far below than one for all sites, indicating that there is no significant risk of non-carcinogenic effects of the metals and metalloid.
Additionally, the total carcinogenic risks (LCR) of the heavy metals (Pb, Cd, Cr) and metalloid As for both active and abandoned mining sites are presented in Fig. 3b . The LCRs for different exposure routes are presented in Table 7 , showing greater potential risk among children (also by a magnitude higher) than adults. For both children and adults, As has notably greater potential carcinogenic risk compared to Pb, Cr, and Cd, while the LCR ranged between 3.38E-08 and 2.16E-06 (children) and between 7.26E-09 and 4.63E-07 (adults). It was found that the lifetime cancer risk of As for children was between 2.06E-06 and 2.16E-06, which was within tolerable LCR for regulatory purposes, i.e., 1.0E-06-1.0E-04. Meanwhile, all the heavy metals were found far below the acceptable threshold value of 1.0E-04 (USEPA 2002), indicating no significant carcinogenic risk due to these metal elements in the mining soil. Despite this, As possesses the highest human health risk upon exposure to the metalloid among other metal elements in the mining soil. This is likely due to the presence of arsenopyrite, which is among the main mineral compositions of the iron ore body. The risk to human health from exposure to As was slightly greater in abandoned mining area compared to active iron mining site, therefore suggesting that the impact of As in soil may still evident even long after cessation of the mining operation. As, Cd, and Cu have been found to heavily pollute the mining soil affected by acid mine drainage (Liao et al. 2016) . The impact has been on the plant uptake of those metals from the mine-impacted soil affecting the public health of the population living surrounding the mining area. The potential source of exposure to human uptake as a result of metal-impacted soils was through plant root uptake and also atmospheric deposition of the heavy metals. As has also been found, the main trace element causes a human health concerning a former mining area, i.e., concentration of up to 27 times higher than the allowable concentration limit in soil (Carvalho et al. 2016) .
Regardless of the carcinogenic or non-carcinogenic risk, children were found to be more susceptible to the potential health risk due to the presence of the heavy metals and metalloid in the study area. Karim and Qureshi (2014) also found higher HI among children, i.e., 8.9 times higher than adults, indicating that children are more susceptible to non-carcinogenic health impact. On the other hand, the HQ indicated that the highest potential risk was resulted through the ingestion exposure route for all metal elements. This has been observed in many other studies (e.g., Luo et al. 2012; Praveena et al. 2015; Perez-Vazquez et al. 2016 ) that the exposure pathway for the heavy metal contamination is in the order of ingestion > dermal > inhalation. risk compared to other metals that may induce carcinogenic effect. The LCR of As for children fell within tolerable range for regulatory purposes. Regardless of the carcinogenic or non-carcinogenic risk, considerably greater potential health risk was found among children (by an order of magnitude higher for most metals) compared to adults. The HQ indicated that the highest potential risk was resulted through ingestion exposure route, followed by dermal and inhalation pathways.
Overall, the findings have demonstrated the potential impacts in terms of heavy metal contamination in surface soils of iron ore mine-impacted areas on the environment and also to humans. Monitoring both the active and abandoned mining sites is equally important as it was evident that some metals and metalloid were still present at comparable concentrations even long after cessation of the mining activities.
